It has often been reported that, when building structures are subjected to near-fault earthquake ground motions, horizontal and vertical impulsive inputs during the first few seconds may cause critical damage. In practical design of building structures, however, the safety check taking into account the effect of multi-component 
INTRODUCTION
After the Hyogoken-Nambu earthquake (1995) , various discussions have been made on the possibility of occurrence and existence of impulsive and simultaneous inputs from horizontal and vertical directions to building structures (e.g. Japanese Geotechnical Society, 1996) . This kind of great earthquake ground motions occurs in the long return period (Strasser and Bommer 2009) and it may be difficult to investigate the actual recorded ground motions of large intensity and with various properties.
In order to overcome this difficulty, several critical excitation approaches have been proposed and various useful methods have been provided (Drenick, 1970; Manohar, 2002a, b, 2007; Abbas and Takewaki 2009; Iyengar and Manohar, 1987; Manohar and Sarkar, 1995; Sarkar and Manohar, 1996; Takewaki, 2001 Takewaki, , 2002 Takewaki, , 2004a Takewaki, , b, 2006a Fujita et al, 2008) . The work by Manohar (1996, 1998) and Abbas and Manohar (2002b) are concerned with the present paper although their papers deal with different models of multiple inputs at different points. Manohar (1996, 1998) formulated an interesting problem and solved the problem within the framework of limited variables. In particular, they treat only correlation in terms of 'the absolute value' of the cross PSD function (root mean square of sum of the squares of co-spectrum and quad-spectrum). On the other hand, Abbas and Manohar (2002b) presented another interesting method including detailed analysis of cross-correlation between multiple inputs at different points.
In most of the current structural design practice of building structures, safety and functionality checks are made with respect to one-directional earthquake input. It may also be understood that an approximate safety margin is incorporated in the magnitude of one-directional input. However a more reliable method is desired (for example see Smeby and Der Kiureghian 1985 for multi-component input) . In this paper, horizontal and vertical simultaneous ground motions are treated and critical aspects of these ground motions are discussed in detail. The combinations of auto PSD functions of respective inputs are key parameters for discussion. A closed-form expression of the critical relation of the auto PSD functions of simultaneous inputs is derived and detailed analysis of the critical relation is provided.
ANALYSIS OF COHERENCE OF RECORDED BI-DIRECTIONAL GROUND

MOTIONS
In this paper, the coherence function is assumed to be fixed at 1.0. This assumption means that horizontal and vertical ground motions are fully correlated, but it is not commonly known what degree of correlation the multi-component ground motions have. For this reason, it is meaningful to investigate the correlation between recorded bi-directional ground motions. Centro and JMA Kobe and 0.01s for NIG018) and the corresponding set of data for the 50 windows was chosen to represent candidates of the ensemble mean. Then the ensemble mean was taken of the functions computed from the Fourier transforms. It can be observed that the coherence strongly depends on the type of earthquake ground motions. Furthermore, it has been investigated that the coherence also depends on the portion of ground motions. The prediction of the coherence function before its occurrence is quite difficult and the critical excitation method will provide a meaningful 4 insight even in these circumstances.
MODELING OF HORIZONTAL AND VERTICAL STOCHASTIC GROUND
MOTIONS
It is assumed here that horizontal and vertical simultaneous ground motions (HVGM) can be described by the following uniformly modulated non-stationary model. 
The envelope function ( ) v c t can also be given by Eq.(3). Fig.3(a) shows an example of the envelope function.
The stationary random processes (zero-mean Gaussian)
w t w t can be generated from the auto PSD functions. Given these two functions, the multi-component ground motion can then be generated by the multiplication of these functions (see Fig.3(b) ).
STRUCTURAL MODEL SUBJECTED TO HORIZONTAL AND VERTICAL
SIMULTANEOUS GROUND INPUTS
Consider a moment-resisting frame subjected to HVGM. The columns have a square-tube cross section and the beams have a wide-flange cross section as shown in k k of the SDOF model is expressed respectively by (Fujita et al. 2008b )
The bending moments at the beam-end under the respective input of HVGM may be expressed by The horizontal and vertical displacements of the floor can be derived as 
STOCHASTIC RESPONSE IN FREQUENCY DOMAIN
The bending moments at the beam-end under the respective input of HVGM is expressed by the sum of responses to each direction as bellow
The auto-correlation function of ( ) f t can be expressed by
where E[ ] denotes the ensemble mean. Eq.(13) consists of four terms in time domain. These terms will be evaluated in detail in the following.
The auto-correlation function of the bending moment due to the horizontal input, i.e.
the first term in Eq. (13), can be formulated in frequency domain by (Fujita et al. 2008b) ( ) 
where
The auto-correlation function of the bending moment due to the vertical input, i.e.
the fourth term in Eq. (13), can be expressed as follows by the same procedure developed for the first term.
;
The cross-correlation function of the bending moment due to HVGM can be can be expressed in terms of the cross PSD function (Nigam, 1981) . By substituting Eq.(20) into the cross-correlation function in frequency domain, the cross term, i.e. the sum of the second and third terms in Eq.(13), can be written by 
CRITICAL EXCITATION METHOD FOR WORST CROSS PSD FUNCTION OF HVGM
The critical excitation problem may be stated as: Find the cross PSD function
of HVGM so as to achieve
When t is fixed and ω is specified, the transfer functions The critical co-spectrum and quad-spectrum can then be obtained analytically as (Fujita et al., 2008a, b) ( ) 
Finally, Eq. (27) gives the closed-form worst cross term. In the integrand of Eq. (27) ω is the key factor for the criticality (see Fig.7 ).
CLOSED-FORM EXPRESSION OF THE WORST COMBINATION OF PSD FUNCTIONS
It can also be observed from Eq. (27) (rectangle one). In the problem for one-directional input, the critical PSD function can be given by the resonant band limited white noise, not the velocity design spectrum, under the constraint that the area of the PSD function and the upper bound of the PSD function are given (see Fig.8 ). In this paper, the central circular frequencies of the PSD functions of HVGM are assumed to be given by the resonant ones.
As a constraint on the excitations, the following ones are introduced.
( )
The value of u S and v S should be given appropriately according to the analysis of the auto PSD functions of recorded earthquake ground motions. 
NUMERICAL ANALYSIS
The structural model analyzed in this section is shown in Fig.10 . Two models with the span lengths L=17(m) and 24(m) are treated. The given geometrical and structural parameters are shown in Tables 2 and 3 . Fig.11 m *rad/s ). In the case of narrow band of U Ω and V Ω , the bending moment tends to be increased by the resonance effect. In addition, the bending moment can also be increased by the input correlation effect. Taking into account these two effects, the occurrence possibility of the worst combination of auto PSD functions can be investigated for each structural model (see Fig.13 ). Fig.13(a) 2. The mean-squares bending moment at the beam-end has been shown to be the sum of the independent term due to each of HVGM and that due to their correlation.
Each term have been formulated in the frequency domain. In the cross term of HVGM, the real part (co-spectrum) and imaginary part (quad-spectrum) of the cross PSD function can be regarded as independent variables. Since the auto PSD functions of HVGM are given and prescribed, the maximization in the critical excitation problem means the maximization of their correlation term. 6. The coherence function between the HVGM of recorded earthquakes has been calculated and compared with the assumption introduced here. The coherence and cross PSD functions strongly depend on the type of earthquake ground motions and its portion. The prediction of coherence before their occurrence seems quite difficult. The critical excitation method will provide a meaningful insight even in these circumstances.
For simple and clear presentation of the essence of the formulation, a simple SDOF system has been treated in this paper. The extension of the present formulation to MDOF or continuum models with finite-element discretization will be conducted in the (2007) acceleration ( 
